e pore water pressures (PWPs) and total stresses during the placement of a slurried backfill in underground mine stopes are the key parameters for the design of barricades, built to retain the backfill in the stopes. ey can be affected by the drainage and consolidation of the backfill. Over the years, several studies have been reported on the pressure and stresses in backfilled stopes by accounting for the drainage and consolidation. Most of them focused on the pressure and stresses in the stopes, few specifically on the barricades. e effect of the number of draining holes commonly installed through the barricade has never been studied. In this paper, the influence of hydraulic properties and filling rate of the backfill, stope size, barricade location, and number of draining holes is systematically investigated with numerical simulations. e results show that the stresses in the backfilled stope and on the barricade largely depend on the filling rate, hydraulic conductivity, and Young's modulus of the backfill. e draining holes can significantly decrease the PWP, but only slightly the total stresses on the barricades in short term.
Introduction
e mining industry produces large amounts of tailings that require proper management. Among the various disposal techniques available, the use of tailings as filling material in underground openings has become a common practice in mines worldwide. Stope backfilling reduces the amount of mine wastes disposed at the surface, so it can be considered an environmentally friendly solution for mine waste management [1] [2] [3] [4] [5] . Other benefits from the mining stope backfilling include improved ground stability, reduced subsidence and ore dilution, increased ore recovery, and improved efficiency of ventilation (e.g., [6] ).
Depending on their source and material properties, mine backfills are generally classified as rockfill, hydraulic backfill, and paste backfill. Paste backfill (PB) has been gaining popularity for decades due in part to the use of all-coming tailings (i.e., full tailings), relative ease of pipe transportation, and segregation-less deposition. As it contains a large portion of fine particles, PB is characterized by a low hydraulic conductivity. Sufficient proportion of water is needed in PB to facilitate transportation. Its deposition in stopes is usually accompanied by the generation of excess pore water pressure (PWP), followed by dissipation during drainage and self-weight consolidation of the backfill [7] . e pressures applied by the backfill can become critically high, so the retaining barricade constructed at the base of a stope may fail and lead to undesirable consequences [8] [9] [10] [11] [12] .
For the stability analysis and design of barricades, it is very important to understand that the determining parameters are the peak values of the PWP and total stresses exercised by the slurried backfill on the barricade. A common practice to design barricades is to consider the pressures dues to the fill overburden, without considering arching effect associated with stress transfer from the backfill to the walls. is solution may lead to an overly conservative estimate of the maximum allowed height of backfill to ensure barricade stability. For most cases, the backfilling placement has to be divided into a plug pour and a final pour, with an interval of one or two days between the two placement stages. is backfilling interruption is undesirable because it affects the productivity and can cause pipe blockage [13] . Consequently, mining operators would prefer continuous stope backfilling. One must then have a good understanding and knowledge of the stress state within the stope and on the barricades during and after the placement of the backfill.
is requires an assessment of the coupled processes that involve generation of excess PWP due to the addition of new backfill layers and their dissipation within the newly and previously deposited layers.
ese coupled processes are known as the drainage and consolidation of the slurried backfill [14] [15] [16] [17] [18] .
e output flowrate of the backfill pipe is controlled by the production capacity of backfill plant, the size of main backfill transportation pipes, and the number of stopes to be simultaneously backfilled. ese also control the rising rate of the backfill, which is inversely proportional to the horizontal cross-sectional area of the stope. In practice, filling a stope may take several days. Excess PWP can then be generated during the addition of backfill. Drainage and consolidation of the backfill also occur during the filling operation at a rate depending on the hydraulic properties, filling rate, stope, and drift geometries, and efficiency of the drainage system (usually through the barricade). e PWP and stresses can thus become smaller than those based on the isogeostatic overburden pressure.
Over recent years, several papers have been published on the effect of cementation (cement hydration) or selfdesiccation of cemented backfill on the pressures in backfilled stopes. Cement hydration consumes water and makes the backfill harder and stronger. ese double effects may considerably decrease the PWP in the backfilled stope [19] . However, it is important to note that the peak values of the PWP and total stresses only occur during the filling operation. For the stability analysis and design of barricades, the most critical moment is during the stope filling operation. When the cement content of the backfill is high (more than 7%), the cementation can take place during the filling operation and reduces the PWP and total stresses. For most cases, especially for open stoping methods, the cement content is low, typically between 3 and 7%. It is conservative to neglect the effect of cementation for the design of barricades. In this study, only the drainage and consolidation of slurried backfill are considered in the estimation of the pressure and stresses in backfilled stopes and on barricades.
Over the years, much work has been conducted to assess the stresses in backfilled stopes through analytical solutions [20] [21] [22] [23] [24] [25] [26] [27] [28] , experimental measurements [7, 27, [29] [30] [31] , and numerical calculations [32] [33] [34] [35] .
e stress distribution in drift and on barricades has also be analysed by Li and Aubertin [36] . ese investigations on the stress state within backfilled stopes have highlighted the development of arching effect due to stress redistribution along the rock walls. Progressive filling, drainage, and consolidation of the backfill were however neglected in most of these studies.
Over the years, a few studies have been reported on the analyses of pressure and stresses in backfilled stopes by accounting for the drainage and consolidation [14-18, 37, 38] .
e influence of the filling rate and fill proprieties was considered [18, 38, 39] . Most of them focused on the PWP and stresses in the backfilled stopes. Very few investigations were specifically devoted to the pressure and stresses on the barricades. Subsequently, several aspects controlling the drainage and consolidation were neglected in previous studies. ese include, for example, the size of the drift cross section (smaller than that of the stope) and barricade location. In addition, draining holes are commonly installed through barricades to accelerate the drainage and consolidation. However, the influence of the number of draining holes on the PWP and total stresses has never been studied. In this paper, these never-investigated influencing factors are addressed. e PWP and total and effective stresses in backfilled stopes and on barricades are analysed here based on numerical modeling, considering representative stope and drift geometries, backfill (PB) hydrogeotechnical properties, filling rates, and drainage conditions.
Numerical Models
e SIGMA/W plane strain (2D) finite element program [40] has been used to simulate the hydrogeotechnical response of the PB progressively deposited in stopes. e validation of SIGMA/W on the analyses of stress-strain and drainage and consolidation against analytical solutions has been reported in several theses [22, [41] [42] [43] . An example of validation of SIGMA/W on drainage and consolidation analysis is illustrated in Appendix [42] . e applicability of SIGMA/W on such analysis has been tested by numerically reproducing some experimental results obtained by laboratory tests under controlled conditions [17, 22, 41] .
Figure 1(a) shows schematically a backfilled stope with a barricade at the base of the stope, in the drawpoint drift. e stope has a width B and a length L (all sizes in meters). It is backfilled to a height H by progressive deposition of a PB.
e drift has a width B d and a height H d . e barricade has the same width and height as the drift; it is positioned at a distance of L d from the stope entrance. e reference (base) model represents a vertical stope 6 m wide and 20 m long, backfilled to a height of 30 m. e drift has a height of 5 m and a width of 5 m. e barricade is built at a distance of 3 m from the stope entrance. Figure 1 (b) shows a numerical model with some details about the location of the monitoring profiles and draining holes. Figure 1 (c) shows a part of the backfilled stope, where the meshes were made by considering three zones: drift, lower portion, and upper portion of the stope. e sensitivity analysis of mesh has been done to ensure stable numerical results [42] . Square elements of 0.1 × 0.1 m were used for the backfill in the drift. e backfill in the lower portion (height of 5 m) of the stope was represented by rectangular elements 0.2 m wide and 0.1 m high, while the backfill in the upper portion of the stope is analysed with rectangular elements 0.4 m wide and 0.2 m high.
e backfill is considered as elastic-plastic obeying the Mohr-Coulomb criterion.
e fill proprieties are characterized by its saturated unit weight (c sat ), Young's modulus (E), Poisson's ratio (μ), internal friction angle (ϕ), cohesion 2 Advances in Civil Engineering (c), dilation angle (ψ), and hydraulic conductivity (k sat ). In this study, the value of Poisson's ratio (μ) is associated with the internal friction angle (ϕ) as follows [32, [44] [45] [46] [47] :
e following values were used in the reference case: E � 300 MPa, c � 0 kPa, ψ � 0°, and ϕ � 30°; equation (1) gives μ � 0.333. ese values as well as the hydraulic conductivity (see text below) are taken in the range of available data reported in the literature [29, 48] .
Drifts usually have a smaller width B d compared to the stope length L. With a 2D (plane strain) model, both the stope and drift are simulated as infinitely long in the third dimension. For such cases, the draining capacity through the drift (backfill) will be overestimated. To overcome this problem, the saturated hydraulic conductivity of the backfill in the drift k sat_d is reduced as follows:
For the reference (base) case, the backfill in the stope has a hydraulic conductivity of k sat � 10 −7 m/s. Equation (2) with B d � 5 m and L � 20 m gives k sat_d � 2.5 × 10 −8 m/s for the corrected hydraulic conductivity of the backfill in the drift. Figure 2 shows the variation of the volumetric water content as a function of the suction in the unsaturated backfill (after drainage) (Figure 2(a) ) and the corresponding hydraulic conductivity function (Figure 2(b) ), based on experimental results provided by Aubertin et al. [49] , Bussière [50] , and Godbout et al. [48] . K-modi er which changes the value of k as a function of the vertical e ective stresses (based on experimental results obtained by Fahey et al. [14] ; this e ect is due to the reduction of the back ll void ratio with consolidation.
Progressive lling of the stope is simulated by adding successive layers of back ll on the top of previously deposited ll. In practice, the lling rate of PB usually varies from about 0.2 to 0.4 m/h [7] . For the reference case, a lling rate of 0.3 m/h is applied. e progressive increase of back ll height is simulated by the instantaneous addition of a back ll layer of 0.2 m (in thickness) every 40 minutes. Drainage and consolidation of the newly placed and previously deposited back ll take place continuously.
Regarding the mechanical boundary conditions (Figure 1(b) ), the rock walls are xed in the vertical and horizontal directions. e barricade, represented by a rigid face, is equally xed in both directions.
e hydraulic boundary conditions include a top back ll surface simulated as an impervious face (further addressed in Discussion), two water-proof side walls, an impervious base, and a waterproof barricade. Draining holes (three for the reference case) spaced at 1 m in the vertical direction, with a nil pore water pressure, are included in the barricade. Table 1 presents the various cases simulated for analyzing the in uence of the di erent parameters on the stresses and PWPs evolution in the stope and on the barricade.
As reported by El Mkadmi et al. [39] and Sobhi [43] , SIGMA/W sometimes tends to underestimate the vertical stresses in back lling stopes (compared to analytical solutions and other codes such as FLAC of Itasca). in vertical elements have been added along the two ll-rock interfaces in SIGMA/W to reduce this e ect. ese elements have the same mechanical properties as the back ll, except for Young's modulus of the back ll adjusted to a lower value so the stresses obtained with SIGMA/W (with interface elements) are close to those obtained by FLAC (without interface elements). is adjustment process led to a variation of Young's modulus of the vertical interface elements as a function of the (vertical) e ective stress, as shown in Figure 3 . A good agreement has then been achieved between the stresses obtained by SIGMA/W (with weaker vertical elements) and FLAC (without interface elements) for different stope geometries and back ll proprieties; more details and results have been presented by Jaouhar [42] .
Numerical Simulation Results
Generation of excess PWP due to addition of new back ll layers and dissipation of PWPs within the back ll due to drainage and consolidation has been simulated. e evolution of PWPs and stresses along a vertical pro le (VP) located at a distance of 2.8 m from the left wall, a horizontal pro le (HP1) at midheight of the stope (15 m from the base), and a second horizontal pro le (HP2) at midheight of the drift (2.6 from the base of the drift) is examined in the following (see Figure 1 (b) for the locations). Matric suction (kPa)
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Matric suction (kPa) (1), and H 30 m). It is seen that the total stresses and PWP tend to increase almost linearly as lling progresses. Near the end of the lling operation, the distribution of the stresses and PWP become nonlinear, indicating the occurrence of drainage and self-weight consolidation of the back ll. Figure 5 presents the evolution of the horizontal (σ h ) ( Figure 5(a) ) and vertical (σ v ) ( Figure 5(b) ) total stresses along the VP after deposition of the last (150 th ) back ll layer for the reference (base) case. As can be seen, drainage and dissipation of the PWP after the nal layer deposition tend to induce nonlinear and decreasing horizontal stresses, which progressively become smaller than the vertical (total) stresses particularly near the base of the stope. e initial isogeostatic overburden pressure at the base of the stope is σ v σ h 20 kN/m 3 × 30 m 600 kPa; the numerical simulation shows an initial vertical (total) stress σ v of about 560 kPa and a horizontal stress σ h of 523 kPa. is relatively small di erence indicates the short-time occurrence of drainage and consolidation, accompanied by the dissipation of the excess PWP and development of e ective stresses (σ v ′ and σ h ′ > 0). e vertical distribution and evolution of the PWP (u w ) along the VP is shown in Figure 5 (c) after the deposition of the last layer of back ll. At time zero (just after deposition of this last layer), the PWP is equal to about 488 kPa at the base of the stope; this value is much lower than the (theoretical) isogeostatic overburden pressure of 600 kPa. e di erence indicates that drainage and consolidation occurred on the back ll during lling of the stope (over a period of 100 hours). With longer time, the PWP and total stresses generally decrease along the height of the stope, except near the top of the back ll where one sees slight increase in the PWP and total stresses. Similar results have been reported in El Mkademi et al. [39] . ese increases are interpreted as ponding due to accumulation of water on the top of the back ll associated with the upward drainage. ese results along with the hydraulic boundary condition imposed along the top surface of the back ll will be later discussed in Discussion. Figure 6 shows the evolution of the horizontal (σ h ) ( Figure 6(a) ) and vertical (σ v ) ( Figure 6(b) ) total stresses and the PWP (u w ) (Figure 6(c) ) after deposition of the last (150 th ) back ll layer, along the line HP1 for the reference (base) case (Figure 1(b) ). At the beginning after the end of the lling operation, the PWP and the horizontal and vertical stresses at midheight of the stope are initially quite close but slightly lower than the isogeostatic overburden stresses (300 kPa), indicating a rapid occurrence of back ll drainage and consolidation. e values of u w , σ h , and σ v then progressively decrease with time. e PWP (u w ) and the horizontal total stress (σ h ) tend to become uniform across the stope width, while the vertical total stress (σ v ) takes a smaller value near the walls than along the center line of the stope. e evolution of the PWP and total stresses along HP2 (midheight of the drift, (Figure 1(b) ) after the last back ll layer deposition is presented in Figure 7 . ere is a slight decrease in the PWP and total stresses from the stope toward the barricade.
ese results re ect the e ect of drainage (through draining holes) across the barricade. After 18 days, the horizontal total stress σ h is reduced to two-thirds of its initial value, while the PWP has decreased to half of its initial value.
It is interesting to note that the vertical total stress shows an increase trend near the barricade. In the stope, similar trend can be observed in the horizontal stress near the bottom of the stope, as shown in Figure 5 (a) or elsewhere in published papers (e.g., [33, 51] ). is phenomenon, known as "kinks," has been explained by the restriction of vertical movement of the back ll near the bottom of the stope [52] . In the drift, arching can take place in the horizontal direction because the back ll in the drift is pushed and compressed by the back ll in the stope [36] . e horizontal movement of the back ll in the drift is restricted by the barricade, resulting in occurrence of "kinks" and increase of the stress perpendicular to the arching direction. is explains well the increase of the vertical total stress near the barricade, as shown in Figure 7(b) . Figure 8 shows the evolution of the PWP and total stresses along the barricade height (at a distance of 4 cm from the barricade) after the end of lling operation. e PWP and total stresses increase with the depth above the draining holes, but decrease with the depth below the top draining hole. e peak value of the PWP decreases from 400 kPa at the end of the ling operation to 185 kPa, while the peak value of the horizontal total stress decreases from 479 kPa to 289 kPa after a repose period of 18.2 days. e e ect of the draining holes in reducing the barricade load is well demonstrated.
Parametric Analyses for Di erent In uence Factors.
e evolution of the total stresses and PWP in the stope and drift has been presented above for the reference case. e e ect of various in uencing factors on the total stresses and Table 1 . Figure 9 shows the evolution of σ h (Figure 9(a) ) and u w (Figure 9(b) ) at midheight on the barricade, from the start of back lling for stopes having a width of 3, 6, and 9 m. Both the horizontal total stress and PWP reach a peak value after about 4.14 days from the beginning of stope lling, independently on the stope width; Table 1 , Case 0).
Stope Width B.
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Hydraulic Conductivity k sat .
e hydraulic conductivity varies from 10 −6 to 10 −5 m/s for slurry lls and from 10 −8 to 10 −6 m/s for cemented paste back ll. Figure 10 shows the evolution of the horizontal total stress σ h (Figure 10(a) ) and u w (Figure 10 , and 10 −5 m/s, respectively. e horizontal total stress and PWP reach peak values after about 4.14 days from the beginning of stope lling, with maximum values of σ h 289 kPa and u w 156 kPa for k sat 10 −6 m/s, σ h 480 kPa and u w 357 kPa for k sat 10 −7 m/s, and σ h 547 kPa and u w 510 kPa for k sat 10 −8 m/s. After 92 days, the horizontal total stress (σ h ) on the barricade and PWP (u w ) have decreased to σ h 138 kPa and u w 38 kPa for k sat 10 −6 m/s, σ h 178 kPa and u w 64 kPa for k sat 10 −7 m/s, and σ h 384 kPa and u w 230 kPa for k sat 10 −8 m/s. ese results clearly show that the hydraulic conductivity of the back ll plays a key role in the dissipation of PWPs. PB having hydraulic conductivity typically between 10 −8 and 10 −7 m/s would lead to peak PWPs up to 510 and 357 kPa, respectively. With hydraulic back ll having k sat typically between 10 −5 m/s and 10 −6 m/s, much smaller PWP would be resulted on the barricade, with 21 kPa and 156 kPa, respectively. ese results indicate that hydraulic lls can produce less critical PWP than PB on barricade.
When the back ll has a relatively high hydraulic conductivity of 10 −5 m/s, its response becomes quite di erent from that of a less pervious back ll (∼10 −8 m/s), as shown in Figure 10 . e peak value of u w is reached later after lling completion of the stope. is can be partly explained by the coupled process of downward drainage at the base of the stope (through the three draining holes) and fast upward drainage during consolidation, resulting in water ponding at the surface of the back ll. However, more work is necessary to understand why the peak values in the PWP and horizontal total stress occur after the end of stope lling operation. Figure 11 presents the evolution of the horizontal total stress σ h (Figure 11(a) ) and PWP u w (Figure 11(b) ) at midheight of the barricade, after the start of stope lling for a back ll internal friction angle ϕ of 20°, 25°, 30°, 35°, and 40°; Poisson's ratio μ also changes as it is related to the value of ϕ (equation (1)). e results show that the peak values of the horizontal total stress σ h and PWP u w are insensitive to this variation of ϕ (and μ). Nevertheless, the postpeak values of σ h and u w tend to decrease as the internal friction angle ϕ increases from 20°to 35°; the differences are more pronounced after about 12 days. Once the internal friction angle ϕ is higher than 35°, the PWP and total stresses become again insensitive to the variation of the internal friction angle ϕ from 35°to 40°. is type of responses in total stress has been explained by an increased arching e ect with larger ϕ [33] ; more work is however required to understand this response in the PWP. Figure 12 shows the evolution of the horizontal total stress σ h (Figure 12(a) ) and PWP u w (Figure 12(b) ) at midheight of the barricade, from the start of back lling for a back ll modulus E of 10, 100, and 300 MPa. At 4.14 days from the beginning of stope lling, peak values are observed for σ h and u w when the back ll is soft (E 100 MPa) or very soft (E 10 MPa), with maximum values of σ h 480 kPa and u w 357 kPa for E 10 MPa and σ h 189 kPa and u w 82 kPa for E 100 MPa. With back ll having a typical modulus E 300 MPa, peaks are not well de ned on the horizontal total stress and PWP evolution (with σ h 90 kPa and u w 15 kPa). After these peaks and short decrease, the horizontal total stress and PWP begin to increase and jump at around 18.7 days and stabilize at σ h 150 kPa and u w 45 kPa.
Internal Friction Angle ϕ′.
Back ll Modulus E.
ese results indicate that the sti ness of the back ll may signi cantly in uence the maximum total stress and PWP exerted by the back ll on the barricade. With a sti er back ll, the deformability and compressibility are lower.
ere will be less water drained by consolidation. It is thus advantageous to use sti er back ll to reduce loads on barricades. Optimization should however consider the back ll transportation requirement and barricade construction costs. Table 1 , Case 0). 10 Advances in Civil Engineering
Filling
Rate V. Figure 13 shows the variation of the horizontal total stress σ h (Figure 13(a) ) and PWP u w ( Figure 13 Figure 9 : Evolution of (a) σ h and (b) u w on the barricade at midheight of the drift for three di erent stope widths (see the details in Table 1 , Case 1).
(i.e., 1.25 days) after the completion of the stope lling, with maximum values of σ h 530 kPa and u w 450 kPa. When the lling rate decreases, the peak values in the horizontal total stress and PWP are reached later, and the peak values tend to diminish. e peak values are σ h 489 kPa and u w 380 kPa for a lling rate of 0.4 m/h, σ h 476 kPa and u w 357 kPa for a lling rate of 0.3 m/h, σ h 441 kPa and u w 322 kPa for a lling rate of 0.2 m/h, and σ h 391 kPa and u w 256 kPa for a lling rate of 0.1 m/h. ese results indicate that higher peak stresses and PWPs should be expected with faster lling. ese results are in agreement with those of El Mkadmi et al. [39] . Figure 14 shows the evolution of the horizontal total stress σ h (Figure 14(a) ) and PWP u w (Figure 14(b) ) at midheight of the drift on the barricade, after the start of stope lling for 0 to 5 draining holes through the barricade. One sees that the number of draining holes can signi cantly a ect the peak values of the PWP (Figure 14(b) ), but the peak values of the horizontal total stress do not change signi cantly with the number of draining holes (Figure 14(a) ). Without draining hole (n d 0), the peak value of horizontal total stress reaches σ h 497 kPa and the peak PWP u w 488 kPa. With 5 draining holes (n d 5), the peak value of horizontal total stress σ h is 465 kPa, but the peak value of PWP is signicantly reduced to 262 kPa. Once the stope lling operation is completed, the horizontal stress and PWP on the barricade tend to decrease. At a time of 32 days after the start of lling, the horizontal total stress and PWP are σ h � 354 kPa and u w � 320 kPa for n d � 0, σ h � 311 kPa and u w � 249 kPa for n d � 1, σ h � 250 kPa and u w � 120 kPa for n d � 3, and σ h � 201 kPa, and u w � 41 kPa for n d � 5. e horizontal total stress and PWP tend to stabilize in the long term at σ h � 322 kPa and u w � 285 kPa without draining hole and σ h � 130 kPa and u w � 13 kPa with 5 draining holes.
Number of Draining Holes n d .
Draining holes are commonly used to reduce the PWP and improve the stability of retaining structures. e results presented here confirm that the addition of draining holes can help to reduce the peak value of the PWP, but this has a limited effect on the peak value of the total stresses (and total load) exerted by the backfill on the barricade. e addition of draining holes can help improve the long-term stability of this retaining structure, but it has little impact on the "shortterm" stability (shortly after the completeness of the stope filling) of the barricade. Figure 15 shows the evolution of the horizontal total stress σ h (Figure 15 
Position of the Barricade L d .
Discussion
Numerical modeling can be a useful tool to analyse the hydrogeotechnical behavior of backfilled openings. However, one should keep in mind that the numerical modeling conducted in this study contains several limitations. For example, the numerical models are two dimensional (plane strain). e effect of the third dimension of the drift and barricade has been considered indirectly for the hydraulic (water flow) aspect, but neglected for the mechanical aspects (stress state). As this problem is truly three dimensional, it should be treated using 3D numerical models.
In this study, the top surface of the backfill is simulated as impervious to reproduce ponding on top of the backfill, a phenomenon commonly observed in practice [53] [54] [55] . e ponding is reflected by the positive PWP and total stresses on the top surface of the backfill, as shown in Figure 5 . Alternatively, fictive reservoir elements above the top surface of the backfill can be used to simulate the accumulation of water above the top surface of the backfill [55, 56] . Figure 16 shows the evolution of the PWP and vertical total stress on top surface of the backfill, obtained by the numerical modeling with and without (this study) fictive reservoir elements above the top surface of the backfill. Almost identical results are obtained by the numerical modeling with the two different hydraulic boundary conditions imposed along the top surface of the backfill for the period considered, with a small but non-negligible effective stress in both cases. ese results, however, implicitly assume that the top surface of the backfill is the top surface of the settled backfill. In the reality, the top surface (or water level) of the slurried backfill should remain constant if there is neither evaporation nor water drainage through the barricade. e surface of the settled backfill goes down with the drainage and consolidation of the backfill. If the top surface of the numerical model is considered as the top surface (or water level) of the slurried backfill, the numerical results on the top surface of the backfill presented in Figures 5 and 16 might be considered as unrealistic because the PWP and total stresses should remain nil along the top (water) surface of the slurried backfill. Numerical modeling has also be done by imposing seepage free or zero head hydraulic boundary condition along the top surface of the backfill. Zero PWP and zero total stresses along the top surface of the backfill can be obtained, but the ponding phenomenon cannot be reproduced. More work is needed to reproduce the ponding phenomenon and keep zero PWP and zero total stresses on top of the backfill. A numerical model allowing large strain consolidation is necessary.
In this study, the rock walls were considered as impermeable here. In practice, the rock mass includes joints, fractures, and other geological structures. Water flow can take place through these geological structures (e.g., [57] ) and affect the drainage and consolidation of the backfill. Neglecting this aspect would typically lead to conservative design of barricade, but more work is necessary to better understand the effect of the geological structures on the PWP and total stresses in the stope and on the barricade.
e Mohr-Coulomb elastoplastic model has been used here (and in many other investigations). However, the Mohr-Coulomb criterion may not represent well the geomechanical behavior of the backfill, particularly at low to negative mean stresses. More elaborated and representative models are available and are sometime used to investigate the behavior of backfilled stopes (e.g., [34] ).
Another limitation of the numerical simulations conducted here is associated with the neglect of the evolution of the backfill properties due to the cement hydration. is was assessed partly by El Mkadmi et al. [39] . As the peak values of the PWP and total stresses occur during the filling operation, the most critical moment for the stability analysis and design of the barricades is during the stope filling. e drainage and consolidation processes are important to be considered. However, when the stopes are large and the filling time is long, the cementation of cemented backfill may significantly reduce the pressure and stresses in the stopes and on the barricades. Neglecting the effect of cementation can lead to overly conservative design of barricades. More work is necessary to properly take into account the effect of cementation on the barricade design.
is study focused on a barricade typically made of shotcrete or other impervious materials. In practice, barricades can be made of several materials, such as wood, brick, concrete blocks, waste rocks, and so on. In Canada and Australia, construction of barricades made of pervious waste rock has become more and more popular (e.g., [58, 59] ).
Work is ongoing to investigate the mechanical behavior of back ll placed in back lled stope with waste rock barricades.
Finally, it should be noted that the numerical models need to be validated (or calibrated) by experimental results obtained from laboratory or eld measurements.
Conclusions
In this paper, a number of numerical simulations have been performed to assess the in uence of the stope geometry and back ll properties on the total stresses and PWPs in the back lled stopes and on the barricades. Emphasis was given on the pressure and stresses on the barricades, mainly for the design of barricade. e e ect of drift size, barricade location, and number of draining holes is for the rst time investigated.
e results indicate that an increase in the stope width may result in higher PWPs and horizontal total stresses on the barricade. Higher peak stresses and PWPs can also be expected with faster lling rate. It is particularly interesting to note that the addition of draining holes can be helpful to reduce the PWP but this has little e ect on the total stresses and loads on the barricade in the short term. Both the total stress and PWP are signi cantly reduced by the addition of draining holes in the long term.
e position of the barricade can also change the peak values of the PWP, but this has only a limited in uence on the peak values of the total stress exerted on the barricade. e frictional angle of the back ll has a limited in uence on the stresses and pressures on the barricade in the shortterm. e hydraulic conductivity of the back ll in uences much more significantly the total stresses and PWPs. Simulations indicate that the peak total stresses and PWPs tend to increase as the saturated hydraulic conductivity decreases. e application of paste fill can result in significantly higher peak PWPs and total stresses than hydraulic backfill.
e results also indicate that the long-term stiffness of the backfill can significantly affect the stresses and pressures exerted by the backfill on the barricade. A stiffer backfill leads to lower loads on the barricade. It is thus advantageous to increase the stiffness of the backfill.
process starts at time t > 0 (about 0.055 hours) after the application of the top load. Subsequently, one sees some delay in the dissipation of the excess PWP in the numerical results, compared to the analytical solution. Nevertheless, the quite good agreement between the analytical and numerical results shown in Figure 19 indicates that SIGMA/W is a useful tool to analyse the drainage and consolidation of soils and back lls.
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